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Abstract
The ATLAS Transition Radiation Tracker (TRT) is the outermost of the three sub-systems of the ATLAS Inner
Detector at the Large Hadron Collider at CERN. It consists of close to 300000 thin-wall drift tubes (straws) providing
∼30 measurements with position resolution of about 120 μm for charged particle tracks with |η| < 2 and pT > 0.5 GeV.
Along with continuous tracking, it provides particle identiﬁcation capability through the detection of transition radi-
ation, X-ray photons generated by high momentum particles in the many polymer ﬁbers or ﬁlms that ﬁll the spaces
between the straws. Custom-built analog and digital electronic read-out are optimized to operate at the LHC design
luminosity. In this article, a review of the commissioning and ﬁrst operational experience of the TRT detector will be
presented. Emphasis will be given to performance studies based on the reconstruction and analysis of proton-proton
collision data collected at the LHC. In addition, the response of the TRT detector to the extremely high track density
conditions encountered during the ﬁrst heavy ion LHC collisons will be presented.
c© 2011. CERN, for the beneﬁt of the ATLAS Collaboration. Published by Elsevier BV. Selection and/or peer-
review under responsibility of the organizing committee for TIPP 2011.
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1. Introduction
The ATLAS experiment [1] is a large multi-purpose detector located at the Large Hadron Collider (LHC) [2]
at CERN outside Geneva, Switzerland. The LHC is a synchronous proton-proton collider designed to operate at a
rate of 40 MHz (25 ns bunch spacing) with a nominal center of mass energy of 14 TeV and a design instantaneous
luminosity of 1 × 1034cm−2s−1. During the 2010 run, the LHC collided protons with an energy of 3.5 TeV per beam
with a maximum instantaneuous luminosity of ∼ 2 × 1032cm−2s−1, producing a total 48 pb−1 of collisions of which
ATLAS recorded 44 pb−1. In November of 2010, the LHC completed its ﬁrst heavy ion run, in which Pb nuclei were
collided at a center of mass energy of 574 TeV, during which ATLAS recorded 9 μb−1 of heavy ion collisions. In
2011, the LHC has continued colliding protons at a center of mass energy of 7 TeV while continuously increasing
the instantaneous luminosity up to 2 × 1033cm−2s−1. As of June, the LHC has provided over 500 pb−1 of integrated
luminosity of proton-proton collisions in the 2011 run.
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The ATLAS detector consists of three main components, the Inner Detector (ID), the calorimeters, and the
Muon Spectrometer (MS). The ID provides tracking of charged particles within |η|2of 2.5 with transverse momen-
tum pT > 0.5 GeV. The calorimeters measure the energy deposited by both electromagnetically and strongly interact-
ing particles. Outside the calorimeters, the MS detects muons up to |η| of 2.7 in a 1.4 Tesla magnetic ﬁeld provided
by a set of superconducting air core toroidal magnets.
The ATLAS ID is composed of three subsystems. The innermost detector is the Pixel detector, a silicon tracker
containing over 80 million channels. It provides precise tracking and vertexing using 400μm × 50μm sized pixel
sensors out to a radius of 122.5 mm. The Pixel detector is composed of three layers in the barrel region and three
end-cap disks on either side. The innermost layer of the Pixel detector is attached to the beam pipe and is known as
the b-layer. Outside the Pixel detector is the Semi-Conductor Tracker (SCT), a silicon microstrip detector with ∼ 6.2
million channels. The silicon strips are stereoscopically arranged in 4 layers in the barrel region and in 9 disks per
end-cap, extending radially outwards to 514 mm. The Transition Radiation Tracker (TRT) is the outermost of the
three sub-detectors of the ID. The TRT is a gaseous straw tracker composed of ∼300,000 straws which provides about
30 hits per track within |η| <2.0. In addition to particle tracking, the TRT also provides electron/pion discrimination
based on the detection of transition radiation.
This article will describe the TRT detector design in Section 2, the detector operation in Section 3, calibration and
alignment of the TRT in Section 4, and will ﬁnish with a discussion of the detector performance in Section 5.
2. Detector Design
Figure 1: Schematic of the ID barrel geometry
The TRT was designed with the two following goals: 1) to
provide particle tracking in the high particle ﬂux environment of
the LHC, and 2) to provide electron/pion discrimination through
the production and detection of transition radiation. The TRT is
segmented into three major partitions, the barrel and two end-
caps. All are composed of thin-walled Kapton straws (diameter
of 4 mm) which are ﬁlled with an active gas and are strung with a
gold plated tungsten anode wire (diameter of 31 μm). The straw
walls are reinforced with carbon ﬁber for strength and thermal
coupling. The active gas (70% Xe, 27% CO2, 3% O2) was cho-
sen for its stability and its high absorption probability of tran-
sition radiation. The supporting structures for both barrel and
end-cap partitions are made from light weight materials, such as
carbon ﬁber, in order to minimize the total amount of material in
the detector.
2.1. TRT Barrel
Figure 1 shows the ID barrel geometry. The barrel consists
of 52,544 straws which are 144 cm in length and are arranged
parallel to the beam axis from a radius of 563 mm to 1066 mm, covering |η| <1.0. Each wire in the barrel is electrically
split in the middle such that each end of the straw is read out independently for a total of 105,088 readout channels. In
order to reduce the high occupancy expected at the nominal LHC luminosity, the wires in the innermost layers of the
barrel have been split twice to create three regions, with the central region not being read out. The detector volume
between the straws is ﬁlled with polypropylene ﬁbers for production of transition radiation. The barrel is segmented
into 32 stacks in φ, with the straws geometrically arranged to eliminate cracks through which particles could travel
undetected [3].
2The nominal interaction point is deﬁned as the origin of the coordinate system, while the anti-clockwise beam direction deﬁnes the z-axis and
the xy plane is transverse to the beam direction. The positive x-axis is deﬁned as pointing from the interaction point to the center of the LHC ring
and the positive y-axis is deﬁned as pointing upwards. The azimuthal angle φ is measured around the beam axis and the polar angle θ is the angle
from the beam axis. The pseudorapidity is deﬁned as η = −ln(tan(θ/2)).
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2.2. TRT End-caps
The TRT has two end-caps, one on each side of the barrel. Each end-cap consists of 122,880 straws which are
37 cm in length and arranged radially to the beam axis in wheels, covering the range 1.0<|η|<2.0. The end-cap has
two types of wheels, 12 “A” type wheels (at lower z) and 8 “B” type wheels (at higher z) containing 8 straw layers
each. The space between straw layers is ﬁlled with sheets of polypropylene foil for transition radiation production.
The layers in the “B” type wheels are spaced further apart in z than those in the “A” type wheels, thus the “B” type
wheels have more radiator material [4].
2.3. Readout Electronics
Signal readout in the TRT is achieved using custom-made analog and digital electronics. The wire in each straw
is held at ground and the straw wall is held at -1.5 kV, making the straw a proportional mode drift chamber. When
a charged particle passes through the straw, the gas is ionized and the ionization electrons drift to the wire. The
electrons cascade near the wire with a gain of ∼25000. The signal from each wire is read out using a custom analog
chip, the Ampliﬁer, Shaper, Discriminator and Base Line Restorer (ASDBLR), which discriminates the signal against
two thresholds, the low threshold (used for particle tracking, ∼300 eV) and the high threshold (used for transition
radiation detection, ∼6 keV). The signal is then digitized in eight (one) bin(s) per bunch crossing for the low (high)
threshold by another custom chip, the Drift TimeMeasurement Read Out Chip (DTMROC). Each DTMROC, typically
associated with 16 straws, stores the digitized signal in a pipeline and transmits three bunch crossings (75 ns) of data
upon receiving a trigger from the back end electronics. The maximum drift time is ∼50 ns.
The back end electronics consists of the Trigger, Timing, and Control (TTC) and Read Out Driver (ROD) boards,
9U VME modules which are housed in the ATLAS counting room. The TTC is responsible for sending the clock
and triggers to the front end while the ROD is responsible for collecting the data readout from the DTMROCs. Patch
panels for both the TTC and ROD boards located inside the MS toroid volume are used to pass signals back and forth
between the front and back end electronics [5].
3. Detector Operation
In 2010, the TRT achieved 100% data-taking eﬃciency during LHC stable beams periods. In addition, due to
strict quality control and testing during manufacturing and commissioning, 97.5% of the installed detector is actively
being read out.
One challenge faced by the TRT Data Acquisition (DAQ) system is occasional loss of clock synchronization
between the front and back end electronics. The TTC, ROD, and patch panel electronics all employ the use of Quartz
Phase Locked Loop integrated circuits (QPLL) to synchronize clocks between the various parts of the DAQ system.
When frequency changes occur in the input clock (such as during LHC ramps), the QPLLs may lose synchronization,
preventing readout of the front end electronics. The TRT DAQ employs an automatic recovery procedure in these
cases such that the synchronization is restored in approximately eight seconds without stopping the run, minimizing
the amount of data lost.
4. Detector Calibration and Alignment
4.1. Calibration
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Figure 2: r-t relation for the TRT barrel. The r-t rela-
tion is derived by ﬁrst determining the peak position of the
track-to-wire distance (rtrack) in bins of measured drift time
t = tLE − t0. The relation between rtrack and t is then ﬁt
using a third order polynomial
To measure the distance of closest approach of
a particle with respect to the wire, a calibration of
the measured drift time to the drift radius, rdrift, is
required. This calibration is known as the r-t relation
(Figure 2). For each hit, the straw “word” consists of
24 low threshold bins and 3 high threshold bins, as
digitized by the DTMROC. The ﬁrst 0→1 transition
in the straw word deﬁnes the leading edge of the hit,
tLE, and the last 1→0 transition deﬁnes the trailing
edge, tTE. The r-t relation is derived by ﬁtting a third
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order polynomial of the track-to-wire distance, rtrack, as a function of the measured drift time. To ﬁrst order, the slope
of the r-t relation is the drift velocity of the electrons in the active gas due to the electric ﬁeld conﬁguration in the
straw. The drift distance is increased due to bending of the electron trajectory in the magnetic ﬁeld, which simulation
has shown to increase the drift time by up to 15% [6]. The r-t relation is calibrated simultaneously for all straws in a
detector partition (i.e. one end-cap or half of the barrel) [7].
In addition to the r-t relation, a calibration must be done to account for all signal delays, such as propagation
along the wire and delays in the arrival of the clock (with respect to which the drift time is measured) at the front end
electronics. The time oﬀset caused by these factors is known as t0. This calibration is performed separately for each
DTMROC and synchronizes the arrival times of the signals on all front end chips with respect to each other.
The r-t relation and t0 calibration is performed on a 36 hour loop, with new calibration constants only being
deployed if there are signiﬁcant changes to the tracking performance of the TRT. The time residual, deﬁned as tLE−ttrack
(where ttrack is the predicted drift time using the track ﬁt and the inverse r-t relation), is used to characterize the
performance. If the mean or width of the time residual changes signiﬁcantly, then a new calibration is needed.
During 2010 and 2011, new constants were deployed approximately every 2–3 months, indicating that the detector
environment and gas composition were very stable.
4.1.1. Time-walk Corrections
Two further reﬁnements to the drift time measurement have been made using other observable hit information.
Particles depositing large amounts of energy in the gas will exceed the threshold sooner, remain over threshold longer,
and also be more likely to exceed the high threshold. Because of this eﬀect, hits with short time over theshold (ToT),
deﬁned as tTE - tLE, are observed to arrive up to 2 ns later on average, while hits with longer ToT arrive up to 2 ns
earlier. In addition, hits passing the high threshold (HT) also arrive ∼1.5 ns earlier on average. For the ToT (HT)
corrections, the width of the position residual (deﬁned as rdrift − rtrack) distribution was reduced by 10 (15)% for all
(HT only) hits.
4.2. Detector Alignment
Alignment of the entire ID is performed using a global χ2 algorithm which minimizes the tracking position residu-
als by perturbing the alignment parameters. The alignment is done in three levels in order to account for misalignments
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Figure 3: Mean position residual (μ) as a function of radius and end-cap 4-plane wheel (z) in end-cap A. Systematic
misalignments can be seen at the wheel level before the wire-by-wire alignment was performed in the May alignment
(a) and there are no such remaining misalignments after the wire-by-wire alignment in the October alignment (b). The
empty region in the bottom right corner of both plots is due to the minimum number of TRT hits required in the track
selection.
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at the various construction levels of the detector as well as to specify the relevant degrees of freedom which are aligned
in each step. For the TRT, the ﬁrst level aligns the barrel and end-cap partitions, allowing all degrees of freedom to be
aligned except for translations along z in the barrel (for which it is not sensitive). In the second level alignment, the
TRT barrel modules and the end-cap wheels are aligned with ﬁve and three degrees of freedom, respectively. Finally,
at the third level, each wire is aligned with two degrees of freedom, a total of 701,696 degrees of freedom. The TRT
is aligned simultaneously with the silicon detectors in the ﬁrst two levels and is aligned separately at the third level to
better control divergence in the alignment.
The alignment constants have been validated through studies of the position residuals throughout the detector.
Because the alignment algorithm seeks to minimize the position residuals, the mean of the position residual distri-
bution should be zero and is the observable used to search for remaining misalignments. For example, in Figure 3,
the mean position residual is plotted as a function of radius and endcap wheel (z) in one TRT end-cap. Before the
wire-by-wire alignment, systematic misalignments are clearly observed in the diﬀerent wheels of the end-cap. After
the wire-by-wire alignment, the misalignments have been corrected and no large scale structure remains [8].
5. Detector Performance
As stated before, the TRT is designed for both particle tracking and identiﬁcation. In this section, results will be
presented on the detector performance in both of these areas. In addition, results from preliminary studies of tracking
in the high occupancy environment of heavy ion collisions will also be presented.
5.1. Tracking
As a tracking detector, the TRT provides, on average, 30 hits on track with a hit resolution of 118 (132) μm in
the barrel (end-cap) for tracks with pT>15 GeV. The barrel hit resolution, as seen in Figure 4, is well modeled by the
Monte Carlo simulation, while the end-cap resolution in data is worse than in the simulation. This is due to residual
misalignments in the end-caps for which work is ongoing to correct these misalignments. The pT requirement is
introduced to minimize the eﬀect of multiple scattering, which can contribute up to 20 μm to the hit resolution for
tracks with pT <5 GeV. The average number of hits varies as a function of η due to the detector geometry. The bulk of
the barrel and end-cap provide 35 hits per track, while the transition region between the barrel and end-cap (|η| ∼ 0.7)
provides only 25 hits on average.
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Figure 4: Position residuals for (a) the barrel and (b) the end-cap
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Figure 6: (a) Relative momentum resolution (p×σ(q/p), q is the track charge) as a function of transverse momentum
for cosmic tracks. (b) Invariant mass distribution for di-muon decays of the Z boson as measured by the ID
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Figure 5: Hit eﬃciency for the barrel
The hit eﬃciency of the TRT as a function of
distance from the wire is shown in Figure 5, which
shows a plateau hit eﬃciency of 94% in the central
region of the straw. The eﬃciency is determined by
extrapolating the track locally from straw to straw,
counting which straws had hits and which did not.
The ﬁrst and last hits on the track are excluded in or-
der to be unbiased due to the extrapolation. Known
permanently inactive straws (∼2.5%) are also ex-
cluded. The eﬃciency falls oﬀ at the outer radius
due to both track reconstruction eﬀects and due to
the smaller signal size from the smaller path length
within the straw. Tracks for this study were required
to have ≥ 1 Pixel hit, ≥ 6 SCT hits, and ≥ 15 TRT
hits. In addition, tracks were required to have pT >2
GeV, and |d0| <10 mm and |z0| <300 mmwith respect
to the primary vertex.
Due to the longer lever arm of the TRT (as compared to the silicon detectors at smaller radius) and the large average
number of hits, the TRT signiﬁcantly improves the momentum resolution of the ID. In Figure 6a, the ID momentum
resolution with and without the TRT is shown for cosmic tracks. The momentum resolution was determined by
splitting cosmic tracks into two segments and comparing the momentum measurement from each segment. Due to the
detector geometry, cosmic tracks could only be used to study the barrel of the TRT [9].
With collision data, studies of particle decays with narrowmass resonances, such as the J/ψ, K0S and Z, has allowed
for more in depth understanding of both the barrel and end-caps. For example, in Figure 6b, the mass distribution
for Z bosons decaying to two muons demonstrates that the momentum resolution of the ID is fairly well modeled by
the Monte Carlo simulation. The muons in this sample are required to have PT >20 GeV/c, to be isolated (sum of
the transverse momenta of the tracks in a cone of
√
Δφ2 + Δη2<0.4 around the muon is less than 20% of the muon’s
momentum), and within |η| <1.05. Diﬀerences between the data and Monte Carlo resolution are due to remaining
systematic misalignments which are being studied.
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Figure 7: HT hit probability as a function of γ for (a) the barrel and (b) the end-caps
5.2. Particle Identiﬁcation
The primary particle identiﬁcation capability of the TRT is electron/pion discrimination through detection of
transition radiation [10]. In addition, hadron identiﬁcation through measurement of the time over threshold (ToT) is
also possible for hadrons with low momentum.
5.2.1. Electron Identiﬁcation
A charged particle traversing the TRT passes through many layers of radiator material. At each gas/radiator
interface, the particle may produce transition radiation (TR), soft X-rays which are primarily produced at an angle
of 1/γ (γ = E/mc2) with respect to the particle’s trajectory. The photon yield is a function of γ and increases with
increasing γ. The TRT gas mixture (primarily Xenon), was chosen for its stopping power for the TR photons, which
generally have energy from 10–30 keV. The high threshold (HT) is set at ∼ 6 keV, so high γ particles should have an
increased number of HT hits on track.
In Figure 7, the HT probability for each hit is shown as a function of the particle γ for the barrel and end-caps.
The shape of the HT onset curve is diﬀerent for the barrel and end-caps because of the diﬀerent radiator material and
geometries. The lower plateau corresponds to the probability of pions knocking on delta rays that deposit suﬃcient
energy to surpass the high threshold. The high plateau corresponds to the saturation of TR production/absorption
given by the detector geometry. Because more radiator is present in the end-cap, the curve plateaus at a higher value
in the end-cap than in the barrel.
Electron candidates from photon conversions are chosen by requiring two opposite charge tracks which originate
from a single vertex. The vertex must be displaced from the beam axis by more than 40 mm. For each conversion track
that has a fraction of HT hits >0.12, the other associated track is declared an electron candidate. Hadron candidates
are those tracks not selected as electron candidates and are also required to have a b-layer hit in order to suppress
tracks from photon conversions. Both electron and hadron candidates are required to have more than 20 TRT hits.
The simulation models the HT probability curve well in the barrel, but there are discrepancies in the end-caps,
particularly at high γ. The simulation had been tuned based on test beam data taken only for the barrel, so the end-cap
radiator material description in the simulation had not been tuned with data. Collision data is currently being used to
better tune the material description in the end-caps.
5.2.2. Time over Threshold
The ToT of a particle hit can also be used to discriminate between particle species at low momentum because
heavily ionizing particles will, on average, leave longer signals in the straw. An estimator of the particle dE/dx can
be derived from the ToT of the hits on tracks. The estimator TRT corrected ToT is formed by summing the diﬀerence
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between the ToT for all hits associated to the track and the average ToT for a Minimally Ionizing Particle (MIP) at a
particular rtrack, normalized to the number of hits on track, or
∑
(ToT − ToTMIP)/Nhits. Furthermore, the estimator is
normalized to an oﬀset of 1 for MIPs and corrections are made for variations in the average ToT as a function of η.
In Figure 8, the estimator is plotted versus the track momentum for tracks with momentum < 4 GeV. Bands following
the Bethe Bloch function for protons and kaons can clearly be seen below 1 GeV.
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Figure 8: TRT corrected ToT as a function of particle mo-
mentum
ToTMIP is determined using a sample of mini-
mum bias tracks between 2 GeV and 10 GeV. All
tracks are required to have ≥ 1 Pixel hit, ≥ 6 SCT
hits, and ≥ 15 TRT hits. Tracks are also re-
quired to have impact parameters |d0| <1 mm and
|z0sin(θ)| < 1 mm and to have originated from the
primary vertex.
5.3. Heavy Ion Performance
Heavy ion collisions provide a challenging en-
vironment for tracking in the TRT due to the ex-
tremely large particle multiplicity produced in these
collisions. Centrality, a measure of the overlap be-
tween the colliding lead nuclei, is estimated in AT-
LAS from the total transverse energy deposited in the
calorimeters. In the most central (highest multiplic-
ity) events, the TRT hit occupancy reached higher
than 90%. High occupancy collision events are being used for tracking optimization studies in preparation for the
nominal LHC proton-proton collision luminosities. Preliminary studies have shown that the TRT can improve track-
ing even in these high occupancy events. In Figure 9, the average number of TRT hits versus η for tracks in all heavy
ion collisions shows good agreement between the simulation and data.
6. Conclusions
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for all heavy ion collisions
The TRT is a sub-detector of the ATLAS de-
tector which provides both charged particle tracking
and identiﬁcation capabilities. The detector has been
commissioned and operating since fall of 2009 with
excellent data-taking eﬃciency. The TRT provides
on average 30 tracking hits with an average hit res-
olution of 118 (132) μm in the barrel (end-cap), ex-
ceeding design expectations. The TRT improves the
momentum resolution of the ID using its long lever
arm and large number of hits. Electron identiﬁca-
tion is improved using the TRT HT hit fraction and
identiﬁcation of highly ionizing particles is possible
using the TRT ToT measurement. Finally, the TRT
also contributes to tracking in the high particle mul-
tiplicity environment of heavy ion collisions.
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